Interrelationships among concentration and maturation of intramuscular collagen, serum concentration of hydroxyproline and testosterone and meat tenderness were determined in growing bulls and steers. Sixty-four Charolais X Angus bulls were assigned to sex treatment groups (intact or castrate) and slaughter groups (9, 12, 15 or 18 mo of age). Animals were bled at 30-min intervals via intrajugular catheters between 0600 and 1400 beginning 48 h before slaughter. Serum concentrations of testosterone were determined in each sample from bulls and from four samples from steers; serum hydroxyproline was determined in the last sample from both sexes. Testosterone mean values for the collection period were calculated. Samples of the longissimus, semitendinosus and infraspinatus muscles secured within 45 min postmortem were analyzed for intramuscular collagen concentration, percent soluble collagen and collagen thermal shrinkage temperature. Tenderness of loin steaks was determined by Warner-Bratzler shear test. Serum concentrations of hydroxyproline and testosterone were higher (P<.O1) in bulls than steers. Age effects were noted for both hydroxyproline (P<.01) and testosterone (P<.06). Total intramuscular collagen was greater (P<.01) in bulls than steers and was different (P<.01) among muscles, but the muscle differences were not uniform over all ages (P<.05). Percent soluble collagen declined (P<.01) with age and was different (P<.01) among muscles. Interaction of age and muscle (P<.01) and age and sex (P<.05) also were noted for percent soluble collagen. Collagen shrinkage temperature increased (P<.01) with age. Steak tenderness was similar between sexes and over all ages but was more variable in bulls than steers. These data indicate that bulls have greater quantities of intramuscular collagen that matures more rapidly than that of steers.
Introduction
Several characteristics of collagen have been identified as causal factors for toughness in bull meat. Aging of intramuscular collagen increases its thermal stability (Gull et al., 1964; Hill, 1966; Judge and Aberle, 1982) , and the concentration of collagen in muscle affects tenderness (Boccard et al., 1979) . Changes in sex hormone serum concentration parallel changes in both concentration and solubility of collagen in muscle tissue .
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Received January 13, 1987 . Accepted May 19, 1987 collagen (Robins, 1982) . Even though the proportions of these two constituents cannot be distinguished by analysis of serum hydroxyproline, such analyses provide estimates of whole-body turnover of collagen. This study was conducted to determine possible interrelationships among concentration and maturation of muscle collagen, serum concentrations of testosterone and hydroxyproline and meat tenderness in growing bulls and steers.
Materials and Methods
Castration of a randomly selected half of sixty-four Angus-Charolais crossbred male calves was performed at 2 mo of age. At 6 mo of age, the two groups were further divided into groups of eight cattle each by stratification according to weigh t . The groups were then assigned to slaughter at 9, 12, 15 or 18 mo of age. All animals were placed on a single diet throughout the experiment, which consisted of 50% corn silage, 40% corn and 10% soybean 1236 j. Anita. Sci. 1987.65:1236--1242 meal basal supplement fortified with vitamins and minerals to meet NRC (1984) requirements on a dry matter basis. A brass ring was placed in the nose of each animal 2 mo before slaughter. Two weeks before slaughter, chains were affixed to these rings to facilitate handling. Three days before slaughter, animals were restrained with rope halters and a 14-gauge, 15-cm-long indwelling catheter 3 was inserted into the jugular vein. Cattle were tied for 12 h prior to bleeding and fed hay ad libitum. Blood samples were drawn from all animals at 30-min intervals between 0600 and 1400 beginning 48 h before slaughter (16 samples/animal).
Approximately 12 ml of blood were collected in dual purpose syringe-centrifuge tubes. Samples were packed in ice, allowed to clot for a minimum of 1 h and then centrifuged at 3,000 • g for 30 min at 5 C. Serum was recovered in culture tubes and held at -20 C for later analysis of testosterone (T) by radioimmunoassay (Gay and Karlan, 1978; Brandt and Diekman, 1985) . In bulls, total hormone exposure for the 8-h period was calculated from the area under the secretion profile for 16 samples plotted versus time. In steers, four samples taken at 4-h intervals were analyzed for T. Blood samples taken at the final bleeding were used for hydroxyproline (HP) analysis (Bergman and Loxley, 1963; Bannister and Burns, 1970) .
Forty hours after the last blood sample was taken, all animals of the age group were slaughtered. To prevent cold shortening, carcasses from the 9-mo-old cattle were allowed to hang for 3 h post-exsanguination at 20 C, then moved into a 4 C cooler for the remainder of a 24-h chilling period. Steer carcasses from the 12-mo-old group were placed in a 2 C chilling cooler immediately after slaughter, whereas the bull carcasses were placed in a 13 C room for 2 h, then moved into a 4 C cooler for the remainder of a 24-h period. The 15-and 18-moold steer and bull carcasses were chilled at 2 C for 24 h. Preliminary experiments revealed that these chilling procedures resulted in uniform chilling rates that were comparable to those of Fishell et al. (1985) , wherein delayed chilling rates were utilized for carcasses with limited amounts of fat. Consequently, the carcasses of a Abbot Hospitals, Inc., North Chicago, IL. 4 Dupont catalog no. 990091. the present study were chilled at uniform rates regardless of carcass size or fat cover.
Samples of the infraspinatus, 13th rib longissimus and semitendinosus muscles were secured from the right carcass side within 45 min post-exsanguination. After visible connective tissue was removed, samples were frozen in liquid nitrogen and stored at -40 C for later analysis. After 7 d of carcass aging at 4 C, two steaks, 2.5 cm thick, were taken from the left carcass side at the 13th rib for cooking and shear force assessment.
The prerigor muscle samples were defrosted to --3 C and connective tissue was isolated by the procedure of McClain (1969) . Thermal shrinkage temperature (Ts) of isolated collagen was determined by using a Dupont 990 Thermal Analyzer equipped with a 910 Differential Scanning Calorimeter (DSC) cell base. Frozen connective tissue samples were thawed and packed into Dupont sample cups. The cups were crimped to form an air-tight seal and placed in the heating chamber of the DSC cell base. Sample temperatures were allowed to rise to ambient temperature and the samples were then heated'at the rate of 10 C/min until an exothermic reaction occurred. Thermograms were recorded on graph paper 4 and the Ts was extrapolated from the intersection of the baseline and the continuation of the descending slope of the curve. Samples were analyzed in triplicate and averaged for a final value.
Total intramuscular collagen (IC) and percent soluble collagen (SC) content of the muscles were determined by using a modified form of the Hill (1966) method. Approximately 2 g of powdered muscle were heated at 77 C in 1/4 strength Ringer's solution. After centrifugation, the soluble and insoluble portions were hydrolyzed in 6 N hydrochloric acid. Both fractions were filtered, pH-adjusted (6.2) and diluted to volume and HP concentration was determined as described by Bergman and Loxley (1963) . Total HP content was derived by the addition of both soluble and insoluble fractions. The HP concentrations were multiplied by 7.25 (Hill, 1966) to estimate total collagen per unit of muscle weight. Soluble collagen quantities were expressed as percentages of the total collagen within samples.
Longissimus steaks were removed from a -40 C freezer and allowed to thaw at 2 C for 8 h. Steaks were removed from the 2 C holding cooler and allowed to equilibrate at room temperature for 2 h after which they were placed in *co~r s~o~: 4 = ~ 0ark r~d, S = st~t~ dm~ t~t. 6 = d~erry red, 7= mghdy fight red.
bMarbling score: 2 = ~ devo~ 3 = tr~ 4 --di~h~ 5 ---smaL 6 = mode~
CQuality grade: 12 = Choice+, 9 = Gomb. 6 = Sumdmrd~.
an oven s at 165 C. Internal uempcratotes of the steaks were monitored by ~1 thermocouples and, upon reachir~ an internal temperamte of 70 C, the steaks were removed from the oven and allowed to cool to room ~-at'urc.
Five to 10 cote samples of 1.2 cm diameter .~e taken paralkl to the long axis of the mu~ de fibers. Samples we~ sheared at an angle perpendicular to the fibers, .~ng an lnstron Testing Machine (Wamer-anttzler head), with a load cell of 100 kg and a chart speed of 10 cm/ rain. Average peak load value was ~ned.
Statistical analysis of the data was performed by using MANOVA, a two-way analysis of variance program (Nicet al., 1975) . When analysis of variance indicated significant effects, separation of means was accomplished by the Newman-Keuls' test (Anderson and Mclxan, 1974) .
I~mtlm and
Live animal and carcass mcasuirammts obtained in this stedy (table 1) were shnilar to previous reviews (Fidd. 1971; Scideman et aL, 1982) . Bulls excelled steers in all traits except meat color, marbling score and carcass quality grade. Quality grades of bull carcasses ranged SlMue M Electrk Co., Blue Island, IL from onethird to one fur quality grade lower than those of steer carcasses slanghtered at the same age.
Total serum concentrations of T differed (P<.01) between bulls and steers; bull T concentration peaked at 15 mo of age then decreased to lower values by 18 mo (figure 1), a pattern similar to those retraced by Rawlings et aL (1972) . Scum concentrations of T were 1.70, 3.94, 4.86 and 3.52 mg/ml for 9-, 12-, 15-and 18-too-old bulls, respectively. The decline in serum T after 15 mo of age may result from reduced sensitivity of the lcydig cells to lutcinizing hormone after a particular time in the growth phase. Steer T levels were constant throughout the entire study: Figm'e 4. Im:ramusciilar collagen conceliu'ation in the ~ inflaspinatus and sgmitgm~osus musdes. Means toi hilt Ind stl.el's cmnbined` Serum concentrations of HP were greater (P<.05) in bulls than steers but values decreased (P<.05) in both sexes from 12 to 18 mo of age (figure 2). Previously, Kivin3~ko (1970) demonstrated that an increase in serum HIP results from an increase in whole body collagen degradation during the rapid growth period, and that an increase in the degradation rate must be b~hnced with an increased synthesis rate. The higher (P<.05) total collagen concentration in muscle of bulls the, steers (figure 3) supports the hypothesis that serum concentrations of HP may be indicative of muscle collagen synthesis. Differences in serum HP concen- tration between bulk and steers and T secretion by bulls and steers are shown in figure 1 . The concentration of additional HP in the serum of bulls over steers follows the same pattern as the concentration of T in the serum of ~ These data support the theory that T has a stimuhri~o effect on collagen synthesis (Powers and Florini, 19/5; Cross et aL, 1984) . Such effects may result from selective stimulation of fibroblasts or from general stinmlation of protein synthesis throughout the body.
Total int:xamuscular collagen conce.hation in the longissimus was lower than that of the infraspi~tus and semi~endinonsus muscles (P<.01, figure 4), an observation that agrees with those of Wu et al. (1981) and coincides with the a~vity level of those muscles (Laurent et al., 1978) . No age-related changes in IC were noted in the longissinms or semitendinoms, but the infraspinatus exhibited a decrease in IC after 9 mo of age (P<.05). This decrease in IC may result from ch3ution of connective tissue by muscle proteins and intramuscular fat subsequently added to the connective tissue matrix. Since the infraspinatus muscle is located within the shoulder region, its growth is expressed as a secondary sex cl-taracteristic with proportionately greater protein synthesis than other muscle~ On the other hand, there was no significant sex x muscle interaction for IC concentration. It is pos~-bl 9 therefore, that the collagen dilution effect was particularly noticeable in the infraspismtus muscle because of its connective tissue m~mn, which ~ts a major portion of the muscle at an early age. Even though this area of the muscle was avoided in sampling, the collagen septum may have radiated into the sampled areas of the muscle.
Bull muscle contained more (P<.01) IC than steer muscle (figure 3). Prostet al. (1975) found histological evidence of greater IC in intact males than females. Although steer IC appeared to decrease with age (figure 3), there were no (P>.05) effects of age or age • sex on IC.
Percent SC in bull and steer muscle decreased as age increased from 9 to 18 mo of age (P<.01, figure 5 ) as reported earlier (Hill, 1966; McClain, 1976; Boccard et al., 1979) . A sex x age interaction for percent SC was observed between 15 and 18 mo of age (P<.05). This interaction suggests that bull collagen increases in thermal stability more rapidly than steer collagen in later growth, and may reflect an earlier maturation of bull collagen. As a basis for the earlier maturation, bull muscle collagen may decrease in degradation rate more rapidly than steer collagen between 15 and 18 mo of age (figure 2). Decreasing the degradation rate of newly synthesized collagen may expose it to enzymatic crosslinking processes which would result in a more thermally stable collagen complex (McClain, 1976; Bailey and Sims, 1977) .
Percent SC of individual muscles (figure 6) decreased (P<.01) with age. The semitendinosus muscle contained the lowest (P<.01) percent SC at 9 too, and it decreased the least over the entire experiment. This may be due to the strength of collagen required by the muscle because the semitendinosus exerts great tension on collagen when in the contracted state. Stretching collagen fibrils may expose allysine residues for additional crosslinking, causing a more insoluble protein. In contrast, the percent SC in the infraspinatus muscle was highest (P<.01) at 9 mo and decreased markedly with age. This observation may be associated with the high initial IC concentration in this muscle (figure 4), and could reflect the presence of abundant quantities of immature collagen at an early age.
Collagen Ts for bull and steer muscles exhibited age-associated changes that were similar to those of percent SC (figure 7). Lower Ts temperatures coincide with increased solubilities. Since both percent SC and Ts are an indication of the degree of thermal stability and maturation (McClain, 1976) , a lower thermal stability should occur in the younger, more recently synthesized, collagen or that which is exposed to minimal induction of crosslinking. Judge and Aberle (1982) found Ts of bovine collagen to be highest in older cattle. Recently Judge et al. (1984) determined that intact males have collagen with higher Ts between 12 and 18 mo of age compared with steers. Similar trends were noted in this study, i.e., between 15 and 18 mo of age, bull collagen tended to increase in thermal stability more rapidly than steer collagen. These data are consistent with the hypothesis that increasing thermal stability and de- creasing solubility occur simultaneously with increasing age, and that the changes occur more rapidly in bulls than steers during the later stages of growth.
Warner-Bratzler shear values were similar (P>.05) between bull and steer steaks, but those of steak samples from steers tended to increase uniformly with age ( figure 8) . Shear values for bull steaks were quite variable with age, similar to those reported by Arthaud et al. (1969) . We theorize that the great variability observed in bulls over the four groups may be attributed to rapid cyclic growth rates which cause increased synthesis and degradation followed by maturation of collagen in a cyclic manner. Therefore, collagen may have been extremely immature or it may have been undergoing an aging process at particular sampling times. This would account for tenderness variability in bull meat.
